One category of endocrine disrupting xenobiotics that has recently raised considerable concern recently consists of chemicals with the ability to act as either estrogen agonists or antagonists. By disrupting reproduction and developmental processes, xenobiotic estrogens in the environment pose an insidious risk to both wildlife and humans (1) (2) (3) (4) . Due to the lipophiic and persistent nature of most xenobiotic estrogens and their degradation products, many of these compounds bioaccumulate and biomagnify. Surprisingly, a wide range of man-made chemicals released either deliberately or unintentionally into the aquatic environment are estrogenic. These include some organochlorine pesticides, polychlorinated biphenyls (PCBs), surfactants, plasticizers, and some natural chemicals such as phytoestrogens and mycoestrogens (5) . Nonylphenol (NP) is a breakdown product of alkylphenol polyethoxylates and is widely used in many detergent formulations for domestic and industrial use. NP has been used as a model xenoestrogen in several studies ofendocrine disruption (6) (7) (8) .
One of the most important responses to estrogen is the induction of protein transcription and translation (9) . Particularly well known among these responses is the estrogenic induction of vitellogenin (Vtg) in females of lower viviparous vertebrates (9) . Vtg is the complex phospholipoglycoprotein synthesized by the liver in response to estrogen stimulation. It is secreted by the liver and transported in the blood to the ovary, where it is sequestered and cleaved into the yolk proteins lipovitellin and phosvitin, which are stored in the yolk and serve as food reserve for the developing embryo (10) . More recently, it was discovered that the fish vitelline envelope or zona radiata protein (Zrp), composed of a small number of proteins, is synthesized in the teleost liver in response to an estrogen signal (11, 12) .
Teleostean Zrp forms the eggshell that provides protection against mechanical disturbances for the developing embryo during the first fragile period but it is shed when hatching is induced by developmental and environmental signals (13, 14) . Furthermore, the eggshell plays an important role during fertilization by preventing polyspermy because sperm entry to the fish egg is restricted to a predetermined site (micropyle) at the animal pole (15) . After fertilization, the eggshell undergoes a calcium-dependent hardening process that induces a 10-fold increase in the mechanical strength of the eggshell (16) (17, 18) . The zona pellucida plays a significant role during fertilization and in the prevention of polyspermy (19) , as does the teleostean zona radiata proteins, thus showing dear functional similarities. Very little Vtg or Zrp, if any, can be detected in male and in juvenile fish, presumably because of low estrogen concentrations, but it is known that these proteins are synthesized by the liver cells (in vivo and in vitro) of male and juvenile fish treated with 17,B-estradiol (12, 20, 21) .
The aim of this study is to comparatively evaluate the response of vitellogenin and zona radiata proteins as environmental estrogen biomarkers in viviparous species using immunoassay methods.
Materials and Methods
Chemicals. 4-nonylphenol (85% of p-isomers) was purchased from Fluka ChemikaBiochemika (Buchs, Switzerland). The impurities in 4-nonylphenol consist mainly of phenol (8-13%), tripropylene (-1%), and 2,4-dinonylphenol (-1% and Zrp-,y (50 kDa) were also detected; at the lower doses, only a cross-reacting zrp protein (possibly a double band) was detected in plasma at the 5-position (Fig. 1B) . Consistent with the immunoblot analysis, an indirect ELISA of Vtg and Zrp levels reflected the differences in inducibility of these proteins (Fig. 2) . Results of the ELISA assay validation tests are presented in Figure  3 . Immunoreactive Vtg and Zrp proteins were dominant in plasma from 125 mg NP treated fish (also Zrp immunoreactive proteins in 5 mg NP treated fish). This assay method revealed the absence ofVtg and Zrp in control fish (also Vtg in 5 mg NP treated fish). A parallel decrease in absorbance with the antigen (Vtg and Zrp) dilution was observed (Fig. 3) .
For validation of the laboratory experiment results, we performed a second study under semifield conditions, exposing juvenile salmon to ORTP effluent. Again, Vtg (Fig. 4A ) and Zrp-a and Zrp-,y (Fig. 4B) were detected only in plasma from the group exposed to 50% mixture (v/v) of ORTP effluent, whereas Zrp-1 reaction was detected in the groups exposed to 1 and 10% ORTP effluent (Fig. 4B) . Indirect ELISA analysis of these samples again confirmed the immunoblot analysis (Fig. 5) (31, 32) . The sensitivity of Zrp cross-reaction demonstrated in this report points to the zona radiata proteins as a more sensitive biomarker for estrogenic effects of environmental pollutants. The sensitivity of Zrp at low NP doses is probably a result of the physiological function of the eggshell as protector of the growing embryo. It has been demonstrated that the formation of the eggshell envelope precedes the active uptake of vitellogenin during oocyte development (12, 33) .
In addition to their implications to the individual fish exposed to xenoestrogens, these findings may also have an ecological significance. Elevated Vtg concentrations in the plasma of male fish exposed to sewage treatment effluent have earlier been reported as a feminization response (34) . However, the ecological consequences of xenoestrogeninduced hepatic Vtg synthesis is unknown due to the absence of unequivocal evidence that fish, or any other aquatic organisms, are adversely affected by living in and accumulating estrogenic chemicals. Given the pivotal role played by endogenous estrogens in reproduction, such as sexual differentiation at the egg/embryo and adult sexual maturation stages, it is obvious that the most likely process to be affected is reproduction. In this Xenoestrogen-induced changes in zona radiata protein synthesis appear to have a higher potential for ecologically adverse effects than vitellogenin induction because critical population parameters such as offspring survival and recruitment may be more directly affected. However, a definite evidence for this hypothesis can only be obtained through long-term exposure studies of fish to low levels of xenoestrogens. Such studies and other xenoestrogen-associated reproductive effects are currently underway in our laboratory.
Another critical factor in xenoestrogen effects is the role of synergy when animals are exposed to low doses of several different chemicals. Arnold et al. (36) recently demonstrated a 1,000-fold increase in the estrogenic potency of chemicals when combined as compared to when given alone, using a simple yeast estrogen system (YES) containing the human estrogen receptor.
Such synergistic interactions are of course of profound environmental significance because most organisms are exposed to a cocktail of different environmental chemicals rather than to single compounds.
It is impossible to determine empirically the sensitivity, susceptibility, or resistance of every species to each type of compound. Therefore, an understanding of the general principles and mechanisms that determine chemical and biological specificity of environmental estrogens and their impairment of reproductive processes in aquatic organisms is very important (37) . These findings may also lead to the development of new and sensitive biomarkers for the effects of environmental estrogens in the ecosystem.
